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ABSTRACT 
This paper i s  o r g a n ~ r e d  i n t o  two major d i v i s i o n s  
accord ing t o  t he  top ics :  p o l a r  mot ion and UT1. 
Each d i v i s i o n  i s  in t roduced w i t h  a  b r i e f  review 
t o  p rov ide  a minimal perspec t i ve  f o r  readers un- 
f a m i l i a r  w i t h  t he  sub jec t  area. The app l i ca t i ons  
o f  Doppler sate1 1 i t e  observat ions, l a s e r  ranging 
t o  a r t i f i c i a l  s a t e l l i t e s  and the  Moon, and as t ro -  
nomic r a d i o  in te r fe romet ry  t o  mon i to r ing  p o l a r  
mot ion and UT1 a re  discussed. Emphasis i s  placed 
on d e t a i l i n g  how and what each method i s  capable 
o f  measuring, fundamental 1  i m i t a t i o n s  a re  noted, 
and the  present s ta tus  o f  the  development o f  each 
method i s  reviewed. 
The paper concludes w i t h  a  summary o f  t he  au thor ' s  
eva luat ions o f  t he  var ious methods as candidates 
f o r  the  nex t  generat ion i n t e r n a t i o n a l  p o l a r  mot ion 
and UT1 mon i to r ing  serv ice.  
INTRODUCTION 
The " c l a s s i c a l "  methods o f  mon i to r ing  p o l a r  mot ion and UT1 have been 
based on v isua l ,  photographic, and p h o t o e l e c t r i c  observat ions. o f  o p t i c a l  
s ta rs .  The temporal and s p a t i a l  reso l  u t i o ~ s  and accuracies o f  these 
methods have been l i m i t e d  by such fac to rs  as; an i n a b i l i t y  t o  f u l l y  
c o r r e c t  the  observat ions f o r  t he  e f f e c t s  o f  t h e  Ea r th ' s  atmosphere, i n -  
accuracies i n  the  r e l a t i v e  p o s i t i o n s  and proper motions o f  the  s ta r s ,  
the  1 i m i  t e d  number and poor d i s t r i b u t i o n  o f  observator ies,  and i n s t r u -  
mental imper fect ions.  Fur ther  ref inements o f  t he  c l a s s i c a l  methods, 
some o f  which i nvo l ve  the  a p p l i c a t i o n  o f  modern technology, are cont inu-  
i g g  and a re  e;<pected t o  y i e l d  s i g n i f i c a n t  improvements. However, pro-  
foundly  d i f f e r e q t  methods, which have developed as outgrowths o f  space 
exp lo ra t i on  a c t i v i t i e s ,  promi se an o rder  o f  magnitude improvement i n  our  
a b i l i t y  t o  moni tor  p o l a r  mot ion and UT1. It i s  these space-age methods, 
i .e., Doppler s a t e l l i t e  observat ions, l a s e r  ranging t o  a r t i f i c i a l  s a t e l -  
l i t e s  and the  Moon, and astronomical  r a d i o  i n te r f e rome t r y  t h a t  a re  
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discussed i n  t h i s  paper. 
POLAR MOTION 
IL. a r  motion i s  the motion o f  the Ear th 's  instantaneous poie (ax i s  o f  
r!,:ation) w i t h  respect t o  a reference p o i n t  f i x e d  t o  the c r u s t  of the  
T:.rth. 
-i'Fle theo re t i ca l  basis f o r  the existence o f  po la r  motion was presented 
b.? Euler i n  1765, b u t  the  motion was no t  detected observa t iona l ly  u n t i l  
the l a t e  1800's. S. C. Chandler discovered t h a t  the observed motion was 
a c t u a l l y  the r e s u l t  o f  two primary components: a revo lu t i on  o f  the  t r u e  
pr l e  around the p r i n c i p a l  moment o f  i n e r t i a  ax is  counterclockwise when 
\I. .wed from the north, w i t h  a per iod  o f  1.2 years; and an annual revolu- 
c >  In, also counterclockwise (Chandler, 1891). The 1.2 year  per iod  o f  
tibl? f i r s t  component (now commonly re fe r red  t o  as Chandlerian motion) d i d  
n c t  agree we l l  w i t h  the much shor te r  per iod  predic ted by Eu le r ' s  work. 
The discrepancy was qu i ck l y  explained by S. Newcomb as being due t o  the 
e l a s t i c i t y  o f  the Earth (Newcomb, 1891 ) .  The annual term i s  produced 
by the  continuous r e d i s t r i b u t i o n  o f  mass i n  meteorological and geo- 
physical processes. 
The motion o f  the  pole i s  no t  t o t a l l y  p red ic tab le  from a simple two- 
component model. Unexpected changes i n  the magnitude and d i r e c t i o n  of 
the  motion occur, t h a t  r e s u l t  i n  a requirement t o  monitor the motion on 
a cont inuing basis. 
Regular mon i to r in  o f  po la r  motion was undertaken by the In te rna t i ona l  
~ a t i  ude Service 9 ILS) i n  1899, and has continued wi thout  i n t e r r u p t i o n  
u n t i l  today. The ILS system uses the d i f f e r e n t i a l  zen i th  distance 
metiod (Hoskinson and Duerksen, 1947) o f  determining l 3 t i  tude w i t h  
v isua l  zen i th  telescopes (VZT). The s ta t i ons  are  a l l  located very near 
the  same p a r a l l e l  o f  l a t i t u d e  (39" 08' N) so t h a t  the same s t a r  p a i r s  
can be observed from a1 1 observatories. The mean pole p o s i t i o n  def ined 
by the ILS observator ies f o r  the per iod  1900-1905 has been adopted as 
the Conventional I n te rna t i ona l  Or ig in  (CIO) . 
I n  196,(! the  I L '  +is reorganized, according t o  reso lu t ions  o f  the  I n t e r -  
na t iona l  Astronumi cal  Union, and the  In te rna t i ona l  Polar Motion Service 
(IPMS) wat ~unded (Yumi, 1964). The IPMS continues t o  pub l ish  po la r  
pos i t ions  oased on ly  on the ILS observator ies, bu t  i t  a lso  pub1 ishes 
values derived from a combination o f  VZT, Photographic Zenith Tube (PZT), 
as t r r  abe, and t r a n s i t  c i r c l e  observations from approximately 75 
obr x v a t o r i e s .  
I n  1955, the  Rapid L a t i t u d e  Serv ice (RLS) was estab l ished,  by a c t i o n  of 
the  IAU, under t he  d i r e c t i o n  o f  the  Bureau I n t e r n a t i o n a l  de 1 'Heure 
(BIH), t o  p r e d i c t  the  coordinates o f  t h e  po le  and p rov ide  t ime correc-  
t i o n s  w i t h  very sho r t  delays. The i n d i v i d u a l i t y  o f  t he  RLS has s i nce  
been abandoned and t he  r a p i d  se rv i ce  i s  now prov ided as a r o u t i n e  
f u n c t i o n  o f  the  BIH. 
I n  1968, t he  BIH adjusted t he  p o s i t i o n s  o f  t h e i r  c o n t r i b u t i n g  observa- 
t o r i es ,  predomina:ely the  same observa to r ies  t h a t  a re  inc luded  i n  t h e  
IPMS system, to  i nsu re  t he  coincidence o f  t h e  BIH po le  w i t h  t he  C I O .  
Since t h a t  time, t he  BIH reference system has been maintained indepen- 
den t l y  from the  ILS system. I n  1972, t h e  BIH began t o  i nc l ude  po le  
p o s i t i o n  i n fo rma t i on  obta ined by Doppler s a t e l l i t e  observat ions i n  t h e i r  
so lu t ions .  The Doppler values used a re  t h e  two-day so lu t i ons  of  t h e  
T r a n s i t  nav iga t iona l  system observat ions, p resen t l y  pub1 i shed by t he  
Defense Mapping Agency. The methods used t o  combine t he  Doppler data 
w i t h  t h e  o p t i c a l  data are d e t a i l e d  i n  t he  BIH Annual Report f o r  1976. 
Pole pos i t i ons  der i ved  from Doppler observat ions o f  a r t i f i c i a l  sate1 - 
1 i tes  a re  a v a i l a b l e  f rom as e a r l y  as 1967, b u t  t he  e a r l  i e s t  data a re  o f  
lower q u a l i t y  than the  pos t  1972 data. The developmental work o f  t he  
Doppler Polar  Mot ion Serv ice (DPMS) was accomplished a t  the  Naval 
Weapons Laboratory (Anderle, 1973). The Defense Mapping Agency DMA) 
took over opera t iona l  r e s p o n s i b i l i t y  i n  A p r i l  1975 (Oesterwinter,  1978). 
The Doppler p o l a r  p o s i t i o n s  a r e  a v a i l a b l e  d i r e c t l y  from DMA, and a re  
a l so  publ ished i n  U. S. Naval Observatory Time Service P u b l i c a t i o n  
Series 7. 
To b r i e f l y  summarize, p o l a r  mot ion values a re  determined and d i s t r i b u t e d  
today by t h e  IPMS, B I H  and DMA. The IPMS u t i l i z e s  o n l y  o p t i c a l  data, 
t h e  BIH u t i l i z e s  a combination o f  o p t i c a l  and Doppler s a t e l l i t e  data, 
and DMA u t i l i z e s  o n l y  Doppler data. Monthly means a re  u s u a l l y  quoted as 
having unce r ta i n t i es  i n  t he  20 t o  40 cm range, b u t  t he  p o s i t i o n s  pub- 
l i s h e d  by t he  d i f f e r e n t  serv ices o f t e n  d i f f e r  by 1 t o  2 meters. 
Many quest ions s t i l l  remain unanswered even a f t e r  almost 80 years o f  
c o n t i n u a l l y  mon i to r ing  p o l a r  motion. Some o f  these quest ions cannot be 
answered unless s i g n i f i c a n t  improvements a re  made i n  the  s p a t i a l  and 
temporal r eso lu t i ons  o f  the  observat ions. An improved mon i t o r i ng  system, 
based on more modern methods, i s  badly  needed. Candidate methods are:  
Doppler s a t e l l i t e  observations, l a s e r  ranging t o  t he  Moon and a r t i f i c i a l  
sate1 1 i tes, and astronomic r a d i o  i n te r f e rome t r y .  
Po la r  Mot ion Determinat ions by Doppler S a t e l l i t e  Observations 
The ma te r i a l  presented i n  t h i s  sec t i on  has been ex t rac ted  p r i m a r i l y  f rom 
papers by Anderle (1973) and Oesterwinter  ( 1  978). 
Radio s ignals su i tab le  for  Doppler observations are t ransmit ted by U. S .  
Navy Navigat ion System sate1 l i t e s .  The s a t e l l i t e s  are i n  near ly  c i  rcu- 
l a r  po la r  o r b i t s  a t  heights of about 1,000 km. They cont inuously t rans-  
m i  t a t  two c a r r i e r  frequencies, 399.968 MHz and 149.988 MHz (nominal 
values). The o s c i l l a t o r s  t y p i c a l l y  d r i f t  a few par ts  i n  1011 per day. 
Both frequencies are generated from the same osc i  11 a t o r  t o  f a c i  1 i t a t e  
the determinat ion o f  ionospheric r e f r a c t i o n  e f fec ts .  
Pole pos i t ions  are obtained as p a r t  o f  the b i - d a i l y  updating o f  the or-  
b i t  o f  each s a t e l l i t e .  The g r a v i t y  f i e l d  model and the pos i t i ons  o f  
the base s ta t ions  are he ld  f i x e d  i n  a l e a s t  squares so lu t i on  which e s t i -  
mates the x and y coordinates o f  the pole, s i x  constants o f  o r b i t a l  
in tegra t ion ,  one drag sca l ing  fac tor ,  a frequency and tropospheric 
sca l ing  f a c t o r  f o r  each s a t e l l i t e  pass, and the  coordinates of any new 
po in ts  being surveyed. The b i - d a i l y  so lu t ions  from as many as f i v e  
d i f f e r e n t  s a t e l l i t e s  are combined t o  der ive  5-day mean pos i t ions  o f  the  
pole. 
The Doppler pole pos i t ions  are determined i n  the "Doppler network" 
coordinate system. I n  1970, an attempt was made t o  make the  o r i g i n  o f  
the Doppler coordinate system close t o  the C I O  by est imat ing the coordi-  
nates o f  the base s ta t ions  i n  a so lu t i on  i n  which the g r a v i t y  f i e l d  co- 
e f f i c i e n t s  and the BIH pole pos i t ions  were he ld  f ixed.  The network does 
vary w i t h  t ime due t o  s t a t i o n  fa i l u res ,  modi f icat ions and upgrades, and 
the augmentation o f  the 17 t o  20 base s ta t ions  by one t u  ten, o r  more, 
temporary s ta t ions  dur ing various operat ional campaigns. 
The standard e r r o r  o f  the pole pos i t ions  vary considerably depending 
upon the d i s t r i b u t i o n  and number o f  observations combined i n  each solu- 
t ion .  Oesterwinter (1978) concludes t h a t  the standard dev ia t i on  o f  a 
two-day po lar  coordinate s o l u t i o n  i s  now b e t t e r  than 40 cm, and f o r  a 
f ive-day mean, under 20 cm. The dominant source o f  e r r o r  i s  bel ieved 
t o  be res idual  e r ro rs  i n  the grav i  t y  f i e 1  d model . 
Polar Motion Determinations by S a t e l l i t e  Laser Ranging 
The mater ia l  presented i n  t h i s  sec t ion  has been extracted p r i m a r i l y  
from papers by Kolenkiewicz e t  a1 . (1977) and Smith e t  a1 . (1978). 
Many a r t i f i c i a l  Earth s a t e l l i t e s  have been equipped w i t h  r e t r o r e f l e c t o r s  
t o  f a c i l i t a t e  t rack ing  by l a s e r  ranging systems. Polar motion can be 
determined from s a t e l l i t e  l ase r  ranging from a s ing le  s ta t i on ,  i f  an 
accurate s a t e l l i t e  ephemeris i s  avai lab le,  o r  a network o f  s ta t ions .  
I n  the case when on ly  a s i ng le  t rack ing  s t a t i o n  i s  i n  operation, on ly  
one component o f  po la r  motion, i .e. ,  the component along the s t a t i o n  
meridian, can be monitored. The procedure i s  t o  es tab l i sh  a prec ise 
reference o r b i t  by t r ack ing  the  s a t e l l i t e  fo r  a reasonable per iod  o f  
time, say a month o r  so, and then compare subsequent observations made 
over periods o f  perhaps 6 t o  12 hours, t o  t h i s  reference o r b i t .  O f .  
p a r t i c u l a r  i n t e r e s t  i s  the  apparent change i n  i n c l i n a t i o n  o f  the o r b i t ,  
s ince changes i n  the l a t i t u d e  o f  the  t rack ing  s t a t i o n  are r e f l e c t e d  as 
apparent changes i n  t h a t  parameter. O f  course, i n  order t o  e x t r a c t  the  
changes i n  l a t i t u d e ,  any r e a l  changes i n  the  i n c l i n a t i o n  o f  the  sa te l -  
l i t e  must be taken i n t o  account, 
The strongest determinat ion o f  the i n c l i n a t i o n  o f  the  o r b i t  i s  obtained 
when the t rack ing  s t a t i o n  i s  located near the nor thern o r  southern apex 
of the  o r b i t .  The s a t e l l i t e  i s  then moving along an east t o  west (o r  
west t o  east) t rack  t o  the nor th  ( o r  south) o f  the  t rack ing  s t a t i o n  
when i t  i s  observed. 
I n i t i a l  experiments t o  determine po la r  motion by s a t e l l i t e  l ase r  t rack-  
i n g  were conducted by the NASA Goddard Space F l i g h t  Center dur ing a 
5-month per iod i n  1970. The experiment used ranges t o  the Beacon 
Explorer C sate1 1 i te. The pole pos i t ions  showed residuals, w i t h  respect 
t o  B I H  values, having an rms dev ia t ion  o f  about 1 meter. A very funda- 
mental d i f f i c u l t y  w i t h  the s ing le  s t a t i o n  method j u s t  described f s the 
requi rement f o r  a reference o r b i t  t h a t  remains very prec ise over periods 
o f  months t o  years. 
I f  a "network" o f  ground s ta t i ons  i s  operated, f o r  which a consis tent  
se t  o f  coordinates i s  known, the requirement f o r  the reference o r b i t  i s  
e l  iminated and both the x and y components o f  the  pole p o s i t i o n  can be 
determined i n  the "network frame o f  reference. " This mu1 t i s t a t i o n  case 
corresponds t o  the Doppler methods prev iously  described. 
Smith e t  a1 . (1978) presented the  f i r s t  r e s u l t s  o f  the  network approach 
us ing the  Laser Geodynamics Sa te l l  i t e  (LAGEOS) which was launched on 
May 4, 1976. The LAGEOS s a t e l l i t e  was s p e c i f i c a l l y  designed t o  have a 
very s tab le  o r b i t .  The s a t e l l i t e  i s  i n  a high o r b i t  (12,265 km) and 
has a h igh  mass t o  surface area r a t i o ,  which g r e a t l y  reduces the e f fec ts  
of such per turb ing forces as so la r  rad ia t ion ,  Earth albedo, a i r  drag, 
and the high frequency components o f  the  Earth 's  g rav i t a t i ona l  f i e 1  d. 
Smith and Kolenkiewicz analyzed LAGEOS data co l l ec ted  by a network o f  
seven s ta t i ons  dur ing the per iod o f  3ay through December 1976 and 
derive'd 5-day mean values o f  x and y w i t h  most o f  the estimated standard 
deviat ions ranging from 0.01 t o  0.02 arcsecond ($30 t o  60 cm). These 
r e s u l t s  are ava i lab le  i n  tabu lar  form (Smith, 1978). 
Polar  Motion Determinations by Lunar Laser Ranging 
The mater ia l  presented i n  t h i s  sect ion has becn extracted p r i m a r i l y  
from Har r is  and Wil l iams (1977). 
An e r r o r  i n  the l a t i t u d e  o f  a l una r  l a s e r  ranging observatory r e s u l t s  
i n  a range e r r o r  which i s  r e l a t i v e l y  constant near zero hour angle, bu t  
does depend on the lunar  decl inat ion,  approximately as the s ine of the 
d i f fe rence between the l a t i t u d e  o f  the observatory and the l una r  
dec l ina t ion .  
A = rAq s i n  (4-6) (1) 
where r i s  the range from the observatory t o  the 
l una r  r e f l e c t o r ;  6  i s  the d e c l i n a t i c n  o f  the lunar  
r e f l e c t o r ;  4  i s  the  geocentr ic l a t i t u d e  o f  the 
observatory; A$ i s  the change i n  the geocentr ic 
l a t i t u d e  o f  the observatory due t o  a change i n  
the p o s i t i o n  o f  t he  pole; and A r  i s  the change i n  
range. 
When the  Moon's dec l i na t i on  i s  near ly  e q c l  +o the l a t i t u d e  o f  the  ob- 
servatory, the e r r o r  i n  l a t i t u d e  contr ibutes l i t t l e  t o  the range er ror ,  
bu t  as the Moon's dec l ina t ion  moves away from the observatory's l a t i -  
tude, the e r r o r  i n  l a t i t u d e  does cont r ibu te  t o  the range e r ro r .  The 
signature has a per iod  equal t o  the l una r  cycle. Ha r r i s  and Wil l iams 
analyzed the McDonald 1 unar l a s e r  ranging data t o  determine i f  there 
was a reasonable chance o f  ex t rac t i ng  d a i l y  po la r  motion values from 
t h a t  s ing le  observatory data set.  They concluded t h a t  there was not. 
Polar motion values based on lunar  l ase r  ranging apparent ly w i l l  have 
t o  await  mu1 t iobserva tory  operations. 
Polar Motion Determi na t ion  by Radio Inter ferometry 
I n  rad io  in ter ferometry the  range-dif ference and the t ime r a t e  o f  change 
o f  the range-difference from the rad io  sources t o  two ( o r  more) obser- 
vator ies are determined. When ex t ra -ga lac t ic  sources, such as quasars, 
are observed the sources are a t  such great  distances t h a t  the  rad io  
wave f r o n t s  a r r i v i n g  a t  the  in ter ferometer  are e s s e n t i a l l y  planar, Any 
pure ly  t rans la t i ona l  motions o f  the  in ter ferometer  o r  ro ta t i ons  about 
an ax is  p a r a l l e l  t o  the i n te r fe romet r i c  basel ine are no t  detectable. 
For a s ing le  baseline, i t  i s  possib le t o  determine two o f  t he  three 
angles necessary t o  express the  o r i e n t a t i o n  o f  the Earth i n  the frame 
o f  reference def ined by the  rad io  sources. To determine a l l  three 
angles, two nonparal l e l  base1 ines are required. 
The s e n s i t i v i t y  o f  rad io  in te r fe romet ry  t o  va r ia t i ons  i n  the o r i e n t a t i o n  
of  the  Earth 'can be estimated from the fo l l ow ing  equations: 
x and y are the components o f  the  pole pos i t ion ,  i n  radians, r e l a t i v e  t o  
the CJO; A0 represents (UT1-UTC), a lso i n  radians; X, Y, Z are the Earth 
f i x e d  coordinates o f  the baseline; and AX, AY, AZ are the changes i n  the 
base1 i n e  vector  components caused by x, y and AO. 
I f  the basel ine has a substant ia l  Z component, changes i n  the  p o s i t i o n  
o f  the pole w i l l  cause s i g n i f i c a n t  changes i n  the equator ia l  components 
o f  the basel ine (X,Y) which w i l l  be r e f l e c t e d  i n  the sinusoidal signa- 
tu res  o f  the delay and delay rates.  
I f  the basel ine i s  near ly  p a r a l l e l  t o  the equator ia l  plane, i .e., Z= 0, 
s e n s i t i v i t y  t o  po la r  motion comes s o l e l y  from the AZ term. A small 
v a r i a t i o n  i n  Z causes a change i n  the delay t h a t  var ies w i t h  the d e c l i -  
nat ions of the sources. It i s  there fore  q u i t e  feas ib le  t o  determine one 
component o f  po lar  motion from an equator ia l  base1 ine.  I n  fac t ,  excel - 
l e n t  determinations o f  the x component o f  p o l a r  motion have been 
obtained from the near ly  equator ia l  Haystack-Owens Val ley rad io  i n t e r -  
ferometer. These r e s u l t s  a re  p a r t i c u l a r l y  noteworthy because they agree 
c lose l y  w i t h  Doppler der ived values, the  rms o f  the d i f ferences being 
-30 cm, and d isp lay  obvious systematic trends r e l a t i v e  t o  the BIH values 
(Robertson e t  a1 . 1978). 
There are two approaches t o  implementing astronomic rad io  in ter ferometry;  
connected element in ter ferometry (CEI) , and very long base1 i n e  i n t e r -  
ferometry (VLBI). The under ly ing p r i n c i p l e s  are  no t  d i f f e ren t ,  bu t  the 
technological methods used t o  b r i n g  the s ignals detected a t  the two 
telescopes together f o r  processing cause s i g n i f i c a n t  d i f ferences i n  t he  
operat ional cha rac te r i s t i cs  o f  the in ter ferometers and i n  the dominant 
e r r o r  sources. 
CEI base1 ines are present ly  1 im i ted  i n  length t o  a few tens o f  k i l o -  
meters by the a b i l i t y  t o  maintain the phase s t a b i l i t y  o f  the connecting 
data l i n k .  VLBI baselines are l i m i t e d  i n  length  t o  a few thousand 
ki lometers by the s ize  and shape o f  the Earth. The innerent  angular 
reso lu t i on  o f  an in ter ferometer  i s  d i r e c t l y  propor t ional  t o  the basel ine 
l eng th  - f .e., the longer the basel ine the b e t t e r  the angular resolu- 
t i on .  
However, the theo re t i ca l  reso lu t i on  o f  the in ter ferometer  i s  no t  pres- 
e n t l y  t he  l i m i t i n g  cons t ra in t  on the  accuracy t o  which the p o l a r  motion 
can be determined. Since po la r  motion i s  an angular measurement, any 
i n s t a b i l  i t i e s  o f  the two telescopes forming the  in ter ferometer  decy-ade 
the determinat ion as the r a t i o  o f  the radius o f  t he  Earth t o  the length  
o f  the base1 ine. For base1 ines o f  a few ki lometers t o  a few tens o f  
ki lometers, f o r  which CEI i s  present ly  feasib le,  t h i s  m u l t i p l i c a t i v e  
f a c t o r  i s  o f  magnitude 10' t o  l o 3 ,  afid antenna d i s t o r t i o n s  due t o  g rav i -  
i a t i o n a l  and wind loading and temperature var ia t ions ,  and l o c a l  c rus ta l  
deformations become c r i t i c a l .  Atmospheric "seeing" a lso appears t o  be 
a serious problem (Hargrave and Shaw, 1978). For the much longer base- 
l i n e s  used i n  VLBI these fac tors  decrease i n  s ign i f i cance  and l o c a l  
o s c i l l a t o r  i n s t a b i l i t i e s  are present ly  the  1 i m i  t i n g  constra int .  As 
h igher  performance o s c i l l a t o r s  are developed, the u l t ima te  1 i m i t i n g  con- 
s t r a i n t s  are 1 i k e l y  t o  become atmospheric e f fec ts ,  possib le va r ia t i ons  
i n  the s t ruc tu re  o f  the rad io  sources and tec ton ic  motions. 
I n  October 1978, the U. S. Naval Observatory (USNO) i n i t i a t e d  a program 
t o  use the 37 k i lometer  CEI located a t  the National Radio Astrononly 
Observatory (NRAO) a t  Greenbank, West V i rg in ia .  NRAO personnel perform 
the observations spec i f i ed  by USNO, and the  data reduct ion and dissemi- 
na t ion  are  done by Washington based USNO and Naval Research Laboratory 
(NRL) personnel. The USNOINRL group estimates t h a t  the NRAO i n t e r f e r -  
ometer may eventual ly  be capable o f  determining po la r  motion t o  0.01 
arcsecond (30) cm over an averaging per iod  o f  a day o r  so. 
The National Ocean Survey o f  the National Oceanic and Atmospheric Ad- 
m in i s t ra t i on  has begun a p r o j e c t  t o  es tab l i sh  and operate a three- 
s t a t i o n  network o f  permanent observator ies t o  monitor po la r  motion (and 
UT1) by VLBI. The p r o j e c t  designat ion i s  POLARIS ( POLar-motion Analysis 
by Radio In te r fe romet r i  c Surveying). Pro jec t  P O L A R T ~ S  descr i  bFd i n  
some detaT1 i n  Carter  e t  Ti. (1978). Computer simulat ions i nd i ca te  
t h a t  the POLARIS system w i l l  be capable o f  determining the x and y 
components o f  po la r  motion t o  b e t t e r  than 10 cm over an averaging 
per iod o f  8 hours. 
Review 
The Bureau I n t e r n a t i o n a l  de 1 'Heure (BIH) has .nonitored t h e  r o t a t i o n  o f  
t he  Ear th  s ince  1912, u t i l i z i n g  observat ions from a l a r g e  number o f  
s t a t i ons  (p resen t l y  about 80) d i s t r i b u t e d  around t he  world.  The SIH i s  
p resen t l y  t he  on l y  i n t e r n a t i o n a l  se rv i ce  which prov ides UT1 data. I n -  
dependentlv determined values a re  a lso  publ ished i n  t h e  -- USNO Time 
Service Ser ies 6. 
The Ear th  does no t  r o t a t e  a t  a  constant ra te ,  b u t  e x h i b i t s  pe r i od i c ,  
secular, and i r r e g u l a r  va r i a t i ons .  The pr imary p e r i o d i c  terms have 
annual , semi-annual, 27.55 day and 13.66 day per iods. Sudden v a r i a t i o n s  
i n  the  leng th  o f  day o f  severa l  m i l l i seconds  over  a  pe r i od  o f  a  few days 
have been observed (Smylie and Mansinha, 1968). 
Jus t  as w i t h  p o l a r  motion, the  present methods o f  mon i to r ing  UT1 do n o t  
have s u f f i c i e n t  angular  o r  temporal r eso lu t i ons  t o  s a t i s f y  modern scien- 
t i f i c  requirements. I n  t he  f o l l o w i n g  sect ions,  cand l da te  methods f o r  
improved UT1 determinat ions a r e  examined. 
UT1 Determinat ions by A r t i  f i c i a l  Sate1 1 i t e  Observations 
I n  o rder  f o r  the  r o t a t i o n a l  o r i e n t a t i o n  o f  t h e  Ear th  t o  be determined 
i n  an i n e r t i a l  frame o f  re ference by a r t i f i c i a l  sate1 1 i t e  observat ions, 
i t  i s  nebessary t h a t  any per tu rba t ions  o f  t he  s a t e l l i t e s '  o r b i t a l  p lane 
be p red i c tab le  over t he  t ime span o f  i n t e r e s t .  Over t ime spans o f  
several  months t o  years, t he  u n c e r t a i n t i e s  f o r  even t h e  most s t a b l e  
sate1 l i t e s ,  such as LAGEOS, w i l l  grow t o  unacceptable l e v e l s .  For t h i s  
reason i t  i s  w ide ly  agreed t h a t  a r t i f i c i a l  s a t e l l i t e  observat ions by 
Doppler, l a s e r  ranging, VLBI o r  any o the r  method are n o t  s u i t a b l e  f o r  
l ong  term Ear th  r o t a t i o n  s tud ies.  However, sate1 1 i t e  observat ions 
could be used t o  moni tor  shor t - term v a r i a t i o n s  i n  the  Ear th  r o t a t i o n  
which could then be combined w i t h  observat ions o f  a  d i f f e r e n t  t ype  
having the  des i red  long-term s t a b i l  i ty. 
Smith e t  a1 . (1978) have i nves t i ga ted  t he  use o f  LAGEOS l a s e r  ranging 
obser.vations f o r  the  determinat ion o f  UT1. The 1 i m i  t i n g  pe r tu rba t i ons  
appear t o  be Ear th  albedo and ocean t i des .  They est imate t h a t  by t he  
e a r l y  1980's t he  modeling c a p a b i l i t i e s  w i l l  l i k e l y  be such t h a t  i t  w i l l  
be poss ib le  t o  de r i ve  UT1 w i t h  unce r ta i n t i es  o f  a  few ten ths  o f  m i l l i -  
second over per iods o f  t h r e e  months. S i l ve rbe rg  (1978) has suggested 
t h a t  the  p a i r i n g  o f  LAGEOS and l u n a r  l a s e r  ranging data would be a 
reasonable marr iage o f  convenience. The LAGEOS data would p rov ide  un- 
broken shor t - term coverage, w h i l e  the  l u n a r  data would p rov ide  t he  
long-term frame o f  reference. It would be des i r ab le  i f  t h e  par. ' . icipat- 
i n g  observator ies could do both types o f  range measurements. 
Another combination t h a t  has been suggested i s  VLBI observat ions o f  
a r t i f i c i a l  s a t e l l  i tes, such as the  NAVSTAR conste l  l a t i o n ,  and ex t ra -  
g a l a c t i c  sources. The s a t e l l i t e  s i gna l s  could be made o f  s u f f i c i e n t  
s t r eng th  t h a t  r e l a t i v e l y  s imple and inexpensive ground s t a t i o n s  and data 
process'ng systems could be used. The more expensive observat ions o f  
t he  e x t r a g a l a c t i c  sources would be minimized, and y e t  s t i l l  p rov ide  t h e  
long-term s t a b l e  frame o f  reference. 
UT1 Determi na t ions  by Lunar Laser Pangi ng 
A constant e r r o r  i n  t he  assumed l ong i t ude  o f  a l u n a r  l a s e r  ranging s ta -  
t i o n  w i l l  produce a range res idua l ,  w i t h  respect  t o  t he  l u n a r  ephemor+q 
which var ies  as t he  s i ne  o f  t he  l u n a r  hour angle. 
A = AUTO cos 6 s i n  H 
A r  i s  t he  change i n  range from the  observatory t o  
1 unar r e f l e c t o r  due t o  an e r r o r  i n  l ong i t ude  (AUTO) 
6 i s  the  d e c l i n a t i o n  o f  the  l u n a r  r e f l e c t o r ,  H i s  
t he  hour angle o f  t he  l u n a r  r e f l e c t o r .  
I f  1 unar l a s e r  ranging data a re  a v a i l a b l e  over  a l a r g e  enough span o f  
hour angle t o  a l l ow  the  s inuso ida l  s igna tu re  t o  be w e l l  estimated, UTO 
can be determined f o r  t h e  observatory.  Using p o l a r  mot ion i n fo rma t i on  
from another source, such as t he  IPMS o r  BIH, o r  observat ions from two 
o r  more p rope r l y  l oca ted  l u n a r  l a s e r  ranging observator ies,  i t  i s  
poss ib le  t o  ob ta i n  UT1. Jus t  as i n  t he  case o f  a r t j f i c i a l  s a t e l l i t e s ,  
t he  l u n a r  ephemeris must n o t  d r i f t ,  r e l a t i v e  t o  an i n e r t i a l  frame o f  
reference, i f  t he  UT1 determinat ions a re  t o  remain accurate over  l ong  
per iods o f  time. 
A s i g n i f i c a n t  number o f  l u n a r  l a s e r  range measurements have t o  date 
been made from o n l y  o,(? observatory - t he  U n i v e r s i t y  o f  Texas McDonald 
Observatory. These data have been analyzed by several  i n v e s t i g a t o r s  t o  
e x t r a c t  Ear th  r o t a t i o n  in fo rmat ion  ( S t o l z  e t  a l .  1976; H a r r i s  and 
Wi l l iams 1977; King e t  a l .  1978). 
King e t  a1 . compared UT1 determinat ions by 1 unar l a s e r  ranging t o  
smoothed BIH values, t o  which f o r t n i g h t l y  and monthly co r rec t i ons  had 
been added t o  account f o r  t i d a l  e f fects  l a r g e l y  removed by t h e  BIH 
smoothing procedure. A f t e r  removal o f  the mean d i f ferences,  the rms of 
the remaining d i f ferences was 2.1 msec. It should be noted t h a t  the 
UT1 values derived from the l una r  l a s e r  ranging data by d i f f e r e n t  i n -  
vest igators, d i f f e r  s i g n i f i c a n t l y .  For example, the King e t  a l .  vs. 
S to lz  e t  a l .  UT1 values have an rms d i f fe rence o f  0.8 msec. The sources 
o f  these d i f ferences are being invest igated.  
UT1 Detei minations by Radio Inter ferometry 
Elsmore (1973) po in ts  out  t h a t  an equator ia l  in ter ferometer  (Z.0) can 
measure UT1 d i r e c t l y  - uncorrupted, t o  f i r s t - o r d e r ,  by po la r  motion. 
Equations 2 make t h i s  q u i t e  apparent. For Z-0, the  terms conta in ing 
x and y ( the  components of the pole pos i t i on )  vanish from the equations 
f o r  AX and AY. For t h i s  reason, i t  would be desi rable i n  designing a 
UT1 moni "or ing network t o  u t i l  i z e  equator ia l  base1 ines. 
Elsmore (1973) reported the r e s u l t s  o f  UT1 determinhtions w i t h  the 5 km 
equator ia l  CEI ae Cambridge between August 1972 and May 1973. The ms 
sca t te r  r t  ' a t i v e  t o  BIH values was approximately 6 msec. The averaging 
t ime f o r  each determination was general ly  12 hours. 
USNO estimates t h a t  i t  w i l l  be ab le  t o  determine UTO using the NRAO C E I  
w i t h  an accuracy o f  1 msec on a d a i l y  basis dur ing  1979, and hopes t o  
subs tan t i a l l y  improve t h a t  accJracy over the next few years. 
Robertson e t  a l .  (1978) reported the  r e s u l t s  o f  14 VLBI experiments con- 
ducted between September 1976 and May 1978 using the Haystack-Owens 
Val ley in ter ferometer ,  i n  which UT1 v6lues we;e determined. The rms 
d i f fe rence w i t h  respect t o  the BIH values ( w i t h  added f o r t n i g h t l y  and 
monthly terms) was 1.6 msec, a f t e r  removal o f  the mean di f ference. Corrl- 
ndra t ive  studies o f  the VLBI and l una r  l a s e r  ranging UT1 values are i n  
progress. 
NOS computer s i m u l a t i o ~ s  f o r  the POLARIS network i nd i ca t?  t h a t  i t  w i l l  
be capable o f  determining UTl t o  k0.1 mi l l i second i n  an averaging 
per iod o f  e igh t  hours o r  less. The experimental r e s u l t s  o f  the ~ a ~ s t a c k -  
Owens Val l e y  in ter ferometer ,  reported by Robertson e t  a1 . (1978), add 
c r e d i b i l i t y  t o  the simulat ions. 
SUMMARY 
The only  t r u l y  operat ional usage o f  any o f  the modern techniques f o r  the  
determinat ion o f  po la r  motion o r  U-1 has been the Doppler sate1 1 i t e  de- 
terminat ions o f  po la r  motion. Even i n  t h i s  case, the  po lar  motion i n -  
formation has been a by-product o f  a program having o ther  primary goals, 
and very l i t t l e  e f f o r t  has been made t o  opt imize the  network conf igura- 
t i o n ,  observing schedules, o r  ins '  mumentation f o r  determining po lar  
motion. The Doppler sa te l  1  i t e  method su f fe rs  the disadvantages t h a t  i t  
re1 i es  cn the a v a i l a b i l i t y  o f  func t iona l  sate11 i tes, which have 1 i m i  ted 
l i f e t i m e s  and must be replaced from t ime t o  time, and t h a t  i t  would no t  
be an adequate method f o r  the long-term determinat ion o f  UT1. The 
author bel ieves t h a t  t h i s  l i m i t s  the Doppler s a t e l l i t e  method t o  a 
t r a n s i t i o n a l  r o l e  t h a t  w i l l  prove very useful  i n  v e r i f y i n g  the i n i t i a l  
r esu l t s  o f  methods b e t t e r  su i ted  t o  long-term usage. 
Viewed independently, l ase r  ranging t o  a r t i f i c i a l  sate1 1 i tes and the 
Moon, each have serious def ic iencies.  Even using very specia l  sa te l -  
1  i tes such as LAGEOS, i t appears t h a t  sate1 1 i t e  methods w i  11 on ly  be 
able t o  provide measurements o f  UT1 over periods o f  a few months before 
er rors  due t o  r o t a t i o n  o f  the o r b i t a l  plane become excessive. Lunar 
l ase r  ranging su f fe rs  from technological complexit ies (on l y  one observa- 
t o r y  has been made t o  operate re1 i a b l y  a f t e r  t he  f i r s t  f u l l  decade o f  
experiments) and d i f f i c u l t i e s  i n  ob ta in ing  measurements w i t h i n  a few 
days before o r  i *  t e r  a new Moon. The combined usage o f  s a t e l l i t e  and 
1 unar 1 aser ranging data, as suggested by S i  1 verberg, c e r t a i n l y  o f f e r s  
some promise bu t  the cos t  o f  ope,at ing enough s ta t i ons  t o  ensure re-  
l i a b i l i t y  dur ing periods o f  poor weather may s t i l l  d i s q u a l i f y  these 
methods. 
Astronomic rad io  in ter ferometry has several very des i rab le  a t t r i b u t e s :  
a th ree-s ta t ion  network ( t he  minimum number o f  s ta t ions  requi red t o  
o m  two basel ines) can determine both components o f  po la r  motion and 
UT1; spa t i a l  resolut ions o f  10 cm can be achieved i n  averaging periods 
o f  e igh t  hours o r  less; observations can be made dur ing inclement 
weather; the rad io  sources form the most near ly  i n e r t i a l  frame o f  r e f -  
erence present ly  known; the rad io  sources have unl i m i  t ed  1 i fe t imes,  
and are equal ly  a v a i l a b l t  t o  al! users. The choice between C E I  and 
VLBI techniques depends very heav i ly  on the maximum length  o f  the base- 
l i n e  t h a ~  can be operated i n  the CEI mode. For baselines of less than 
several hundred ki lometers the task o f  cleansing the CEI data o f  pure ly  
; ocal e f f e c t s  appears, i n  the author 's  opinion, t o  be insurmountable. 
O f  the present ly  ava i lab le  methods, VLBI observations o f  ex t raga lac t i c  
rad io  sources appear t o  be the  best choice f o r  use i n  the  next genera- 
t i o n  i n te rna t i ona l  po la r  motion and UT1 service. 
REFERENCES 
Anderle, R. J., 1973: "Determination o f  Po la r  Motion from S a t e l l i t e  
Observations," Geophysical Surveys 1, pp. 147-161 , D. Reidel Pub- 
1 i shi  ng Company. 
Bureau In te rna t i ona l  de 1 'Heure 1977, Annual Report f o r  1976. 
Carter, W. E., Robertson, D. S . ,  Abel l  , M. D., 1978: "An Improved Polar  
Motion and Ear th Rotat ion Moni tor ing Service Using Radio I n t e r f e r -  
ometry," Proceedings o f  I n te rna t i ona l  Astronomical Union Symposi um 
No. 82, Time and the  Ear th 's  Rotat ion, Cadiz, Spain, May 1978. 
Chandler, S. C., 1891: "On the  Va r ia t i on  of  Lat i tude," The Astronomical 
Journal No. 249, pp. 66-70. 
Elsmore, B. , 1973: "New Method f o r  D i r e c t  Determi na t ion  o f  UT1, ' Nature 
Val . 244, pp. 423-424. 
Hargrave, P. J., Shaw, L. J., 1977: "Large-Scale Tropospheric I r regu-  
l a r i  t i e s  and t h e i r  E f f e c t  on Radio Astronomical Seeing," Monthly 
Notices Royal Astronomical Society  182, pp. 233-239. 
Har r is ,  A. W . ,  Will iams, J. G., 1977: "Earth Rota t ion  Study Usinq Lunar 
Laser Ranging Data," i n  S c i e n t i f i c  Appl i ca t i ons  o f  ~un -a r  ~ a s e r  
Ranging, Edi ted by J. D. Mulholland, pp. 179-190, D. Riedel,  
K i  ngman, Mass. 
Hoskinson, A. J., Duerksen, J. A., 1947: Manual o f  Geodetic Astronomy, 
Special Pub l i ca t i on  No. 237, U. S. Coast and Geodetic Survey (now 
National Ocean survey, NOAA), Dept. o f  Commerce, Washington, D. C., 
206 pp (NTIS Accession No. PB 267465). 
King, R. G . ,  Counselman, C. C., Shapiro, I. I., 1978: "Universal  Time: 
Results from Lunar Laser Ranging," Journal of Geophysical Research, 
Vol. 83, NO. 37 , pp. 3377-3381. 
Kolenkiewicz, R., Smith, D, E. Rubincam, D. P., Dunn, P. J., Torrence, 
M. H., 1977: "Polar Motion and Earth Tides ,From Laser Tracking," 
Phi losophica l  Transactions Royal Society o f  London 284, pp. 485-494. 
Newcomb, S., 1891 : "On the  Per iod ic  Va r ia t i on  o f  La t i tude ,  and t h e  
Observations w i t h  t he  Washington Prime-Vert ical  T rans i t  ," - The 
Astronomical Journal No. 251, pp. 81-83. 
 esterw winter; C., 1978: "Polar Motion through 1977 from Doppler Sate l -  
1 i t e  Observat iois , " Proceedinqs o f  ~ n t e r n a t i o n a l  4stronomical Union 
xmposium No. 82, "Time and the  Ea r th ' s  Rotation," Cadiz, Spain, 
May 1978. 
Robertson, D. S., Carter, W E., Corey, B. E., Cotton, W. D., 
Counselman, C. C., Shapiro, I. I., W i  t t e l s ,  J. J., Hinteregger, 
H. F., Knight, C. A., Rogers, A. E. E., Whitney, A. R., Ryan, J. W., 
Clark,  T. A., Coates, R. J., Ma, C., Moran, J. M., 1978: "Recent 
Results o f  Radio I n te r fe rome t r i c  Determinations o f  a Transcont i-  
nenta l  Baseline, Polar Motion and Ear th Rotation," Proceedin s o f  
i=----- Inte rna t i ona l  Astronomical Union Symposium No. 82, ime and the  
Ear th 's  - Rotation," Cad??'; Spain, May 1978. 
Si lverberg,  E., 1378: "On the  E f f e c t i v e  Usage o f  Lunar Ranging f o r  the  
Detern~inat ion ~f the Ear th 's  Or ien ta t i on  ," Proceedinqs I A U  Sympo- 
sium No. 82, Time and the  Ear th 's  Rotat ion, Cadiz, Spain, May 1978. 
Smith, D. E., 1978: "Polar Motion from Laser Tracking Data," Goddard 
Space F l  i g h t  Center. 
Smith, D. E., Kolenkiewicz, R., Dunn, P. J., Torrence, M., 1978: "De- 
terminat ion o f  Polar  Motion and Ear th Rotat ion from Laser Tracking 
- 
o f  Sa te l l i t es , "  Proceedings IAU Symposium No. 82, Time and the 
Ear th 's  Rotat ion, Cadiz, Spain, May 1978. 
Smwlie, D. E. and Mansinha, L., 1968: "Earthquakes and the  Observed 
- 
~ o t i o n  o f  the  Rotat ion pole," Journal ~ e o p h y s i c a l  Research 73, 
pp. 7661-7673. 
Sto lz ,  A., Bender, P. L., Fa l l e r ,  J. E., S i lverberg,  E. C., Mulholland, 
J. D m ,  Shelus, P. J., Wil l iams, J. G., Carter,  W. E., Curr ie ,  D.G., 
Kaula, W. M., 1976: " E a ~ t h  Rotat ion Measured by Lunar Laser 
Ranging," Science Vol. 193, pp. 997-999. 
Yumi, S., 1964: Annual Report o f  t he  In te rna t i ona l  Polar  Motion Service 
f o r  the Year 1962. 
Quest ions and Answers 
DY. TOM CLARK, NASA Goddard Space F l i g h t  Center: 
Do we have any quest ions o r  comments? I might make one co~nient  
regard ing  B i l l ' s  l a s t  p i c t u re .  I n  a d d i t i o n  t o  t h e  t h r e e  s t a t i o n ?  he 
showed there,  t he  same group !s a lso  conduct ing even e a r l i e r  p ro to -  
t ype  observat ions us ing  a Nark I11  system persona l l y  funded by EMA 
t h a t  w i l l  be going i n t o  Sweden, and some hardware persona l l y  funded 
by NASA which w i l l  be going i n t o  a  s t a t i o n  i n  C a l i f o r n i a ,  so t h e r e  
w i l l  a c t u a l l y  be some FY 79 observat ions going on a t  those s ta t ions .  
